Aluminum piston alloys of the AA4032 type are produced by direct-chill (DC) casting and subsequent forging; therefore, it is important to understand their thermomechanical behavior. In recent years, it was shown that additions of Cu and Er could improve mechanical properties of these alloys at room and high temperatures. In this work, we studied the constitutive behavior of AA4032-type alloys with and without Cu and Er additions. The experimental true stress-true strain curves were obtained by compression tests under various temperatures [683 K to 723 K (410°C to 450°C)] and strain rates (0.01 to 10 s À1 ) to determine constitutive parameters [strain-rate sensitivity, activation energy, and Zener-Hollomon (Z) parameter] for the hot deformation behavior of AA4032-type piston alloys with and without additions of Cu and Er. The flow stress decreased with increasing deformation temperature and decreasing strain rate. The results also showed that increasing the Cu content increased the flow stress over the applied range of deformation conditions due to solid-solution strengthening and the formation of primary Si particles, which led to an increase in the activation energy during hot deformation. Moreover, the main microstructural damage in the AA4032 alloy with 3.5 pct Cu was predominantly due to the cracking of primary Si particles. Additions of 0.4 pct Er and 3.5 pct Cu lower the activation energy of deformation, Q, as compared to the base alloy and the alloy with 3.5 pct Cu. The microstructures in the deformed specimens consisted of subgrains, recrystallized grains, and fine eutectic phases. The alloys containing Er demonstrated more polygonized grains at a low strain rate than the alloys without Er, indicating that Er hindered recrystallization development. The peak stress of the AA4032 alloy with 3.5 pct Cu alloy was higher than for the base AA4032 alloy and for the AA4032 alloy with 3.5 pct Cu and 0.4 pct Er additions, which was attributed to the prevalence of the work-hardening mechanism over the softening mechanism.
I. INTRODUCTION
ALUMINUM alloys are widely used in the automotive industry where light weight becomes important due to the introduction of electric vehicles and the needed reduction of emissions. For internal combustion engines, aluminum piston alloys are often used in engine parts that are exposed to high temperatures. Pistons are mainly manufactured by either casting or forging. Though similar in composition to casting piston alloys, wrought piston alloys require a different set of properties. In particular, the thermomechanical behavior of these alloys upon deformation becomes critical. However, there are limited reference data on the constitutive parameters that describe the thermomechanical behavior of high-silicon (near-eutectic) alloys. These constitutive parameters are important for computer simulations of alloy processing, which is useful for designing metal-forming processes, and consequently for obtaining high-quality final products. There are two main mechanisms that occur in the microstructure during hot deformation. The first mechanism is work hardening, which results from dislocation generation and hindered movement in the structure. The increase of dislocation density and misorientation of grains during deformation results in the increase of the flow stress and strain hardening. [1] The second mechanism is softening, which includes dynamic recovery (DRV) and dynamic recrystallization (DRX), or static recrystallization after the end of hot deformation. [2] These mechanisms can be related to the activation energy of deformation and the Zener-Hollomon (Z) parameter. [3] Recently, the electron backscattered diffraction (EBSD) technique was successfully used to analyze the recrystallization phenomena because it could show the grain orientations in relation to the neighboring grains after hot deformation. [4, 5] Workability is usually defined as the amount of deformation and level of ductility that enables material plastic deformation without fracture or cracking, reaching desirable deformed microstructures at a given temperature and strain rate. [2] Improving workability means increasing the processing ability and improving the properties of the materials. This could be achieved by optimizing the deformation temperature and strain rate in hot processing. The deformation behavior of an AA4032 alloy was previously studied from 653 K to 753 K (380°C to 480°C) in a wide strain-rate range from 0.01 to 10 s À1 in order to optimize for the hot working operation (i.e., hot forging process). It was found that the solute elements, such as Mg and Si, can cause the increase in the activation energy for hot deformation. [6] In related works, it is shown that the addition of alloying elements (i.e., Mn and Cr [7] or Cu [8, 9] ) can increase the complexity of the precipitation sequence during age hardening, which may compromise the hot workability characteristics of the alloy. The mechanical properties of this type of alloy can be significantly improved at elevated temperatures by Er alloying, [10] which was mainly attributed to the presence of Al 3 Er particles. [10] [11] [12] However, the effects of combined Cu and Er additions on the constitutive parameters and flow behavior of this type of alloy, which includes the constitutive behavior, as well as the work-hardening and softening mechanisms during hot deformation, have not yet been studied. In order to predict the material flow behavior under specific conditions in hot working, constitutive equations are used to describe the flow stress and optimum parameters that can facilitate reliable simulation results of deformation processes. [13] Various models have been developed and used to predict the constitutive behavior of aluminum alloys upon hot deformation, such as the Johnson-Cook and Arrhenius models. [14] In recent years, the strain-compensated Arrhenius model was successfully applied to predict the flow behavior of aluminum alloys at elevated temperature. [15] Aluminum piston alloys are complex in chemical and phase compositions. The alloying elements play a decisive role in the mechanical behavior of the alloys through the formation of phases and by affecting the microstructure. In this article, we study the effects of Cu and Er additions on hot deformation behavior. It was recently shown that a high Cu addition to an AA4032 alloy promoted the formation of primary Si particles through the shift of the eutectic point in the system, while the addition of Er significantly decreased the amount of primary Si and resulted in overall structural refinement. [10] A combined addition of Cu and Er increased the thermal stability of an as-cast alloy at temperatures above 573 K (300°C) through the formation of temperature-resistant phases and structure refinement. [10, 11] Moreover, it was reported that the addition of Er to an Al-Si alloy could form precipitates of the Al 3 Er phase, which improved high-temperature strength. [11] Furthermore, it was reported that the deformation behavior of Al-Si based as-cast alloys was related to microstructural changes associated with the secondary phases, precipitates, and morphology of eutectic phases. [16, 17] Therefore, we need to take into account that the addition of alloying elements to Al-Si alloys can enhance the strength of these alloys but at the same time may affect their hot workability.
In this article, we consider a forgeable 4XXX series alloy that is typically produced by direct-chill (DC) casting and then forged into the final product, i.e., piston. We studied the thermomechanical behavior of as-cast AA4032 alloys and the effects of Cu and Er additions on this deformation behavior. The study was carried out through extraction of the constitutive parameters based on the Arrhenius model and Z parameter from the flow curves of compression testing in a range of temperatures and strain rates. The results were also supported by microstructural analysis. We analyzed the constitutive parameters and related them to the microstructural evolution under different conditions of the deformation.
II. METHODOLOGY

A. Materials and Experimental Procedure
To study the microstructural and mechanical properties of AA4032 billets, the experimental alloys were prepared using high-purity Al ingot (99.9 wt pct), commercial purity crystalline Si (99.9 wt pct), pure Cu (99.9 wt pct), pure Mg (99.5 wt pct), and Al-20 wt pct Ni, Al-10 wt pct Fe, and Al-10 wt pct Er master alloys. The 60-mm-diameter billets were made by DC casting. The alloys were melted in a silicon carbide crucible using a 12-kW induction furnace, and then the melt was continuously poured at a temperature of 993 K (720°C) into a hot top water-cooled mold. The bottom block was withdrawn downward at a casting speed of 190 mm/min. The chemical composition of the billets was analyzed by emission spectrometry, and the results are given in Table I . The chemical compositions of the billets studied in this work were selected because our previous study [10] showed that the optimum mechanical properties were obtained at these specific amounts of additions.
Samples for mechanical testing were taken from the billets at the midradius position and machined into a cylindrical shape 5 mm in diameter and 10 mm in length. Three samples were tested for each combination of temperature and strain rate to study the statistical behavior. Figure 1 shows the cycle of the hot deformation test to determine the stress-strain behavior of the experimental alloys. The hot compression tests were performed using a quench-deformation dilatometer DIL 805A/D. The samples were deformed under hot compression at either 683 K or 723 K (410°C or 450°C) with strain rates of 0.01, 0.1, or 10 s À1 . A thermocouple was welded on the specimen to monitor and measure the temperatures during the entire heating, deformation, and quenching cycle. The testing cycle can be described as follows: a sample was initially fixed in the chamber and heated to the deformation temperature at a heating rate of 10 K/s (10°C/s), held for 2 minutes, and subsequently compressed at a prescribed strain rate. Finally, it was quenched with argon gas. True stress-true strain curves were automatically recorded during the entire test cycle. The constitutive parameters were extracted using a combination of Arrhenius equations and Z parameters, [2, 18] as described in Section II-B.
Thermo-Calc software with a TCAL4 database was used for calculating the chemical composition of the aluminum solid solution at 803 K (530°C) (at the end of solidification) and the precipitated phases at 683 K to 723 K (410°C to 450°C) (in the range of hot deformation).
The as-cast and deformed samples were analyzed using an optical microscope (Zeiss Axio Scope.A1) and scanning electron microscope (SEM) with a field emission electron gun (Zeiss Supra 55-VP). The deformed samples were sliced parallel to the compression axis in the centerline plane. They were then polished and etched with Keller's reagent. The EBSD technique was used to determine the misorientation of subgrains in deformed samples. The step size between the scanning points' EBSD was set as 0.3 lm. The average misorientation values were based on the analysis of at least five subgrains using the OIM TSL Software 7 (EDAX Ametek). The boundaries of subgrains were defined as low-angle grain boundaries (LAGBs) or high-angle grain boundaries (HAGBs) when misorientation angles were less than 5 deg or greater than 15 deg, respectively. [19] B. Constitutive Equations
Constitutive equations for material constants and Z parameters
Flow stress curves obtained from the compression tests under different strain rates and temperatures can be used to determine the material constants of the constitutive equations. It is known that there are different constitutive models proposed to describe the flow behavior and determine the material constants during hot deformation, including the activation energy and strain-rate sensitivity. The Arrhenius equations are usually used to accurately describe the relationship between the strain rate, deformation temperatures, and flow stress as follows [20, 21] :
Here, _ e is the strain rate (s À1 ); T is the absolute temperature (Kelvin); R is the gas constant (8.314 J/mol K); Q is the hot deformation activation energy (kJ/mol); r is the flow stress (MPa) for a given strain; and A 1 , A 2 , A 3 , n', n, b, and a are the material constants, where a is defined as a = b=n 0 . The power law of Eq. [1] is used at a low stress level when ar < 0.8; the exponential law of Eq. [2] is suitable for high stress levels when ar > 1.2. The hyperbolic sine law of Eq. [3] can describe the relationship between the deformation parameters for the entire range of stresses (including low and high stress levels). [1, [22] [23] [24] This constitutive model represents a plasticity model. [25] Therefore, the constitutive parameters extracted in this work were only taken for the stress-strain curves beyond the elastic part. By taking the logarithm of both sides of Eqs. [1] through [3] , we obtain 
According to Eqs. [4] and [5] , the relationship plots of ln rÀ ln _ e and r-ln _ e can be used to obtain the values of n 0 and b, respectively. These relationships can be plotted by a group of parallel and straight lines, and the slopes of these lines approximately remain constant; thus, the values of n¢ and b can be obtained from the slopes of the lines by the linear fitting method under different deformation temperatures. These are illustrated in The hot deformation activation energy is an important physical parameter serving as an indicator of the deformation difficulty in plasticity deformation. In order to estimate the activation energy Q of the hot deformation, differentiating Eq. [6] for a given strain rate gives
According to Eq. [7] , n is the slope of ln _ eÀln sinh ar ð Þ ½ (Figure 2(c)) at different temperatures and s is the slope of ln½sinh ar ð Þ À 1=T (Figure 2(d) ). The values of n and s are determined by calculating the average slopes of these relationships. [26] The Z parameter can be used to characterize the combined effects of strain rate and temperature on the deformation behavior and is mathematically expressed as Eq. [8] [1, 27] by using the expression of the hyperbolic sine function from Eq. [3] :
By solving Eq. [8] using the definition of the hyperbolic sine function, the flow stress can be described by the Z parameter as
The ln Z values of the deformed samples under different deformation conditions can be obtained from Eq. [9] . The value of ln A 3 can be obtained from the intercept of the ln Z À ln sinh ar ð Þ ½ curve, as shown in Figure 3 . 
Material constants by considering the strain compensation
Flow stress depends on the temperature deformation and strain rate. Moreover, the flow stress changes with true strain (Figures 4 and 5 ). In addition, the effect of strain on the material constants (i.e., a, b, n¢, and Q) is also significant during the entire strain process. Hence, it is necessary to use a method of strain compensation. In order to determine the material constants with compensated strain consideration, the values of the material constants (a, b, n¢, and Q) were determined from the flow curves beyond the proportionality limit, at various strains in the range from 0.05 to 0.6 (with an interval of 0.05) for all of the studied alloys. In a similar way to that described in Section I, the material constants and activation energy were extracted for the three tested alloys, using the experimental data obtained from the hot compression tests at various strains.
III. RESULTS
A. Compressive True Stress-True Strain Curves
The flow stress is an important characteristic that is defined as the instantaneous value of stress required to continue plastic deformation of an alloy, which can be related to the forgeability of the alloy. The true stress-true strain curves of experimental alloys were obtained using hot compression testing at various temperatures and strain rates and are given in Figures 4 and 5 . The results show that the flow stress increases with increasing the strain rate for all tested alloys, but the flow stress decreases as the temperature increases at a given strain rate (Figures 4 and 5 ). In the early stage (before the peak stress reached) of isothermal for the base alloy at the peak stress. compressive deformation, the flow stress continues to increase with increasing strain. The flow stress of the 3.5Cu alloy is higher than those of the 3.5Cu + 0.4Er alloy and the 1Cu alloy at the high strain rate (10 s À1 ) and low-temperature deformation [683 K (410°C)], as observed in Figure 5 . Meanwhile, upon high-temperature deformation [723 K (450°C)], the 3.5Cu + 0.4Er alloy has a slightly higher flow stress than the other alloys. At a low strain rate (0.01 s À1 ), the peak stress of the 3.5Cu + 0.4Er alloy is lower (before the flow stress has reached the stable state) as compared to the 3.5Cu alloy (Figures 5(b) and (c)).
B. Deformation Parameters
Constitutive parameters
The constitutive parameters (materials constants of A 3 , a, n, and Q) in the constitutive equation (Eq. [3] ) were calculated from the true stress-true strain curves, as explained in Section II-B-1. The obtained values can be substituted in Eq. [3] to get constitutive equations for all experimental alloys. Then, we can calculate the material constants at the peak flow stresses for the three alloys using the same procedure. The calculated data are shown in Table II . We examined the calculated data at the peak flow stresses because they are used as a representative value that defines the amount of energy required to initiate plastic deformation of an alloy. Then, we used the material constants based on the peak stress to obtain the constitutive equations for experimental alloys as follows (Eqs. [ [12] ) can be used to predict the flow behavior of AA4032 with low and high Cu content and with Er addition at elevated temperatures.
The material constants with compensated strain are shown in Figures 6 and 7 . It is quite clear that the strain effect on the material constants is significant and the values of Q are affected by strain for the three tested alloys. The influence of strain can be expressed as a polynomial function of strain, [28] as given in Eqs. [13] through [16] for the six-order polynomial fit. A polynomial fit of a higher order (i.e., higher than six order) could be used, but it will overfit the data, resulting in loss of the ability to have a true physical meaning of the data. [29] On the other hand, a lower-order polynomial fit may also be used to accurately represent the experimental result if the data permits. [30] Our result shows that the best fit is attained through a six-order polynomial fit. The coefficients of the polynomial fit are given in Electronic supplementary Table S1 . Figures 6 and 7 demonstrate that the fitted curves agree well with the results calculated from the experimental data.
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Activation energy (Q)
The hot deformation activation energy is an important physical parameter serving as an indicator of the deformation difficulty degree in plasticity deformation. Thus, in order to estimate the activation energy for hot deformation of the tested alloy, the Q values were obtained using Eq. [7] . The values of activation energy at different strains (ranging from 0.1 to 0.6 with an interval of 0.1), strain rates (0.01 to 10 s À1 ), and temperatures [683 K to 723 K (410°C to 450°C)] were calculated and are shown in Figure 7 and Table II . The activation energy of the 3.5Cu alloy at the peak strain is about 436 kJ/mol, which is higher than that of the base alloy (374 kJ/mol). However, the 3.5Cu + 0.4Er alloy has an activation energy of 338 kJ /mol, i.e., lower than those of other tested alloys. The activation energies at other strains follow the same trend (Figure 7 ).
The strain-rate sensitivity (m) under various parameters
Strain-rate sensitivity is one of the important constitutive parameters that is used to predict the sensitivity of the alloys to the changes of the strain rate during hot deformation. We can take the ln of both sides of Eq. [1] , and the slope of ln r-ln _ e curves will give us a strain-rate sensitivity (m) for each alloy. These values are given in Figure 8 . The results show that the strain-rate sensitivity is reduced sharply with the increase in the Cu content, while the further addition of Er increases the values slightly above the base alloy for all true strains during compressive tests (at the strain-rate range of 0.1 to 10 s À1 and temperatures (683 K to 723 K (410°C to 450°C )).
Z parameter (Z)
The ln Z values of the deformed samples under different deformation conditions were obtained from Eqs. [8] and [9] and are given in Table III . The results show that the Z parameter increases with decreasing temperature and increasing strain rate. Also, the increased amount of Cu considerably increases the Z parameter, while the addition of Er decreases the values to levels lower than those of the base alloy. Figure 9 shows optical micrographs of the as-cast AA4032-type alloys with different levels of Cu and Er additions. The results reveal that when Cu is added up to 3.5 wt pct into the base Al-Si piston alloy (AA4032) (Figure 9(a) ), the microstructure consists of primary Si particles and coarse eutectic phases including Si and the Al matrix (Figure 9(b) ). The addition of 0.4 wt pct Er to the AA4032 with 3.5 wt pct Cu content reduces the amount of primary Si particles and refines the eutectic phases (Figure 9(c) ) as compared to the base alloy (Figure 9(a) ) and the 3.5Cu alloy without Er addition (Figure 9(b) ). The in-depth analysis of these changes in the phase composition has been reported elsewhere. [10] Due to the rapid cooling rate in the DC casting, the alloying elements may remain in a supersaturated solid solution. Therefore, the difference in constitutive behavior may be attributed to the supersaturation of alloying elements in the aluminum solid solution and the phase precipitation during hot deformation. The phase diagram can be used to estimate the chemical composition of the supersaturated solid solution after solidification. [31] The decomposition of this supersaturated solid solution at the temperatures of hot deformation leads to the precipitation of phases that affect the hardening and softening mechanisms. Thermo-Calc software (TCAL4 database) was used to calculate the composition of the Al solid solution at a temperature of the end of solidification for an AA4032 alloy. The calculated results gave the following composition of the solid solution in the 3.5Cu alloy at 803 K (530°C): 1.5 wt pct Cu, 1 wt pct Si, and 0.55 wt pct Mg. Then, we used the composition of this solid solution to assess the formation of phases upon annealing at testing temperatures of 683 K to 723 K (410°C to 450°C), which showed the formation of Si, c-Al 7 Cu 4 Ni, and Q-Al 5 Cu 2 Mg 8 Si 6 phases, as can be seen in Table IV . The volume fraction of the phases that remain in the microstructure at high temperature can be related to the high activation energy of the alloy. This agrees with another study on an Al-Si-Ni-Cu-Mg alloy that reported that the high volume of dispersed particles resulted in the increased activation energy. [32] We do not expect significant changes in these compositions for the alloy with Er, apart from the possible formation of Er-containing dispersoids that cannot be estimated from Thermo-Calc. The results on the composition of the solid solution can also be used to analyze the recrystallization behavior by comparing our alloys with alloys of the similar solid solution composition, e.g., AK6 (1360) and AA2038.
C. Microstructural and Compositional Analysis
To gain deeper understanding of the deformation mechanism of these alloys, the 3.5Cu alloy and 3.5Cu + 0.4Er alloy specimens deformed at 450°C at strain rates of 0.01 and 10 s À1 were analyzed using the EBSD technique to observe the microstructure. Figure 10 shows the SEM images of Al grains and eutectic phases after deformation of the 3.5Cu alloy at a strain rate of 0.01 s À1 (Figure 10(a) ) and at a strain rate of 10 s À1 (Figure 10(d) ). The EBSD-generated inverse pole figure (IPF) maps superimposed with HAGBs and LAGBs are shown for the enlarged areas from SEM images (areas I through IV in Figures 10(a) and (d) ), representing subgrain structure after hot deformation (Figures 10(b) and (c) for 0.01 s À1 and (e) and (f) for 10 s À1 ). The different colors in IPF images represent different orientations of grains and subgrains inside the original grains. All the IPF images of the 3.5Cu alloy (Figures 10(b) , (c) and (e), (f)) show fine elongated grains along with coarse intermetallics, eutectic Si phases, and primary Si particles. The dark areas on all of the IPF maps represent either intermetallics or cracks of the deformed microstructures. It can be seen that the 3.5Cu alloy that was deformed at a strain rate of 0.01 s À1 (Figures 10(b) and (c)) has cracks or voids encircling the primary Si particles, while in the same alloy that was deformed at a strain rate of 10 s À1 (Figures 10(e ) and (f)), the primary Si particles were fully cracked and the intermetallics and coarse eutectic phases had started to tear (dark area in IPF images) along the Al grain.
The SEM micrographs and the IPF maps for the 3.5Cu + 0.4Er alloy are exhibited in Figure 11 . The IPF images show that the grains are deformed and contain subgrains within the original boundaries (Figures 11(b) and (c) for 0.01 s À1 and (e) and (f) for 10 s À1 ) of the enlarged areas (areas I through IV in Figures 11(a) and (d)). Figures 11(e ) and (f) show that the fraction of recrystallized grains increases when the alloy is deformed at a high strain rate of 10 s À1 . However, in general, the 3.5Cu alloy has more recrystallized grains as compared to the one with Er addition, especially at a lower strain rate.
To further analyze the recrystallization behavior, the deformed grains were quantified with the average boundary misorientation angle. The number fractions of LAGBs (misorientation angle less than 5 deg) and HAGBs (misorientation angle greater than 15 deg) were used to analyze the microstructure and ultimately can be used to quantify the extent of recrystallization in the alloys after hot deformation. The comparison of the grain boundary misorientation angles of two different alloys is shown in Figure 12 . In general, the misorientation angle has similar trends for both alloys with and without Er addition, having more HAGBs than LAGBs. However, at a low strain rate of 0.01 s À1 , the alloy with Er addition has a lower fraction of HAGBs as compared to the 3.5Cu alloy with correspondingly more LAGBs. Meanwhile, the fraction of HAGBs of the 3.5Cu + Er alloy at a high strain rate of 10 s À1 is similar to the alloy without Er.
IV. DISCUSSION
The obtained constitutive parameters have value in their own right as they can be used in improving the computer simulation of the forging process. In addition, the analysis of some of these parameters can shed light on the mechanisms of deformation and recrystallization of these alloys and the role of alloying elements, such as Cu and Er, on these mechanisms.
The flow curve behavior can be affected by work hardening, which results from the presence of solute atoms, secondary phases, and their interaction with dislocation movement. The softening that occurs in the steady stage of the flow curve is usually caused by recovery and recrystallization. The results in Figures 4  and 5 show that the flow stress increases rapidly with the strain in the initial stage of hot deformation, indicating the work hardening was caused most likely by the rapid increase of dislocation density. [1] In all cases tested, the flow stress increased with the increase of strain rate and the decrease of deformation temperature, which agrees well with previous reports. [33, 34] Our experiments show that the flow stress and the peak stress increase with the Cu content in the alloy, while they decrease with Er addition. The increase of the flow stress of the 3.5Cu alloy can be related to the presence of hard particles, i.e., primary Si, and the solid solution strengthening by Cu, Mg, and Si (Table IV) due to the solute drag effect on dislocation movement, which hinders DRV. [35, 36] Moreover, our results agree with the previous work that reported that the increased amount of primary Si particles resulted in a large amount of geometric dislocation around hard particles in the soft Al matrix, which ultimately impedes deformation. [37] The observed decrease of the flow stress of the 3.5Cu + 0.4Er alloy as compared to the 3.5Cu alloy at both low and high strain rates (Figure 4(c) ) is, therefore, due to the decrease in the amount of primary Si particles and the refinement of eutectic phases (Figure 9 ), which results in a homogenous initial microstructure (Reference 10 provides more details). The positive impact of a more uniform eutectic silicon morphology on the flow behavior was also reported elsewhere. [38] At elevated temperatures, dislocation climb commonly occurs, which leads to the decrease in flow stress. [39] However, we found that, at 723 K (450°C) and 10 s À1 , the 3.5Cu + 0.4Er alloy shows a slightly higher flow stress than the alloy without Er. This can be explained by the presence of fine Er precipitates that may form during hot deformation and stabilize the substructure, impeding dynamic softening processes while simultaneously marginally increasing the strain hardening rate. [2, 16] The effects of Cu and Er on the microstructure evolution and phase composition of as-cast AA4032 alloys are described in detail elsewhere. [10] The activation energy Q represents the free energy barrier for dislocations moving on slip planes and indicates the deformation resistance of materials. As the activation energy of self-diffusion in Al is approximately 142 to 165 kJ/mol [40, 41] and the estimated Q in our alloys is 1.5 to 2 times larger (Figure 7) , additional factors to diffusion-controlled deformation should be in play. The high values of activation energy can be related to the presence of precipitates, the morphology of eutectic phases, and other particles in the microstructure, which cause the strengthening of an alloy. [33, 38] The AA4032 alloys with Cu and Cu + Er additions exhibit relatively high values of the activation energy (Q) in comparison with other aluminum alloys, which have similar compositions. In our study, the base alloy (1Cu alloy) has Q between 216 and 374 kJ/mol (at strains 0.05 to 0.6) (Figure 7(a) ), which is similar to the reported Q values of an AA4032 alloy, between 169 and 325 kJ/mol (at strains 0.1 to 0.5) depending on the strain rate. [6] Our results found that Q of the 3.5Cu alloy increases to 270 to 436 kJ/mol (Figure 7(b) ), which is higher than that of the base alloy. This is consistent with the previous work that reported the increase of the activation energy from 283 to 315 kJ/mol in an Al-7Si-1Cu-0.5Mg-0.1Ti (wt pct) base cast alloy with the additions of V and Zr. [42] This was explained from the solute atoms diffusing to dislocations and slowing the dislocation motion. This also agrees with previous reports that show that Cu additions in an 6A82 aluminum alloy (Al-Mg-Si-Cu) and Al-Fe-Si alloy increase the Q values. [35, 43] In our case, the increased activation energy of the 3.5Cu alloy may be caused by solute Si, Mg, and Cu atoms that decrease stacking fault energy (SFE), resulting in the 0.0227 to 0.0016 hindered dislocation movement and recovery. [44] However, the addition of Er in the 3.5Cu + 0.4Er alloy decreases Q to 225 to 338 kJ/mol (at strains 0.1 to 0.5) (Figure 7(c) ), which is closer to the base alloy (216 to 374 kJ/mol). This cannot be explained from the effects of Er on the SFE as this effect is rather small. [45] On the other hand, the addition of Er results in significant structure refinement (Figure 9 ), which leads to enhanced ductility. [7] Therefore, the addition of Er enables deformation under a lower applied stress and requires less activation energy for deformation. In general, the differences of activation energy may result from the concurrence of dynamic precipitation, dislocation pinning effect, temperature dependence of the solubility of alloying elements, and overall structural fineness. Hence, the activation energy not only depends on the temperature and strain rate but also relates to the nature and amount of alloying elements. The result obtained here suggests that the 3.5Cu + 0.4Er alloy has better formability compared to the 3.5Cu alloy, while still having flow stress higher than the base alloy, especially when the alloys are deformed at low temperature and high stain rate (Figures 4(a) and (c)).
The physical significance of the strain-rate sensitivity (m) is to signal the alloy sensitivity to the strain rate and characterize plasticity during deformation. It was reported that when m values increase with temperature, this suggests that the alloys are more sensitive to the strain rate. [6] Moreover, the additions of solute atoms to an aluminum alloy are influential to this value. [46] It was reported that the strain-rate sensitivity parameter decreased with an increase in the amount of solute atoms such as Mg and Si. This is due to the dislocation arrest at obstacles such as clusters of mobile solute atoms and solute precipitation. The pipe diffusion of these solute atoms encourages the generation of dislocation atmospheres. [46, 47] According to the calculated results using Thermo-Calc, the 3.5Cu alloy contains 1.5 wt pct Cu, 0.55 wt pct Mg, and 1 wt pct Si at 803 K (530°C ) in solid solution and may form a supersaturated solid solution upon solidification (cooling rates are high during DC casting); a similar composition of the solid solution should be in the alloy with Er as well. When the alloys are deformed at 683 K to 723 K (410°C to 450°C ), the solute atoms of Si, Cu, and Mg combine to precipitate Q-Al 5 Cu 2 Mg 8 Si 6 and Si phases from the supersaturated solid solution, and then these precipitates act as barriers to the mobility of dislocations. This effect is similar with other work that reported the pinning effect of Mn-and Cr-containing a-dispersoids on dislocation motion. [7] Moreover, the addition of Er to the 3.5Cu alloy may retard the precipitation of new phases during deformation because the diffusivity of Er is lower than the those of elements in a-Al at 673 K (400°C ) (D Er = 4 9 10 À19 m 2 /s<D Si = 5.67 9 10 À15 <D Cu = 2.5 9 10 À15 m 2 /s<D Mg = 1.16 9 10 À14 ). [48, 49] It was suggested that the increasing strain-rate sensitivity may be a result of less free solute atoms. In our previous research, [10] we showed that the Er interacts with Cu during solidification to form intermetallics. This may reduce the free solute Cu available during hot deformation. Thus, the 3.5Cu alloy has more solute atoms available to interact with dislocations and form atmospheres, which results in a higher stress to move dislocations. This may be responsible for reducing the strain-rate sensitivity (Figure 8 ) and increasing the flow stress (Figures 4 and 5 ) and activation energy (Figure 7) in the 3.5Cu alloy in comparison with the base alloy and the 3.5Cu + 0.4Er alloy.
It is well known that the flow behavior of the alloys is attributed to the interaction of several mechanisms, including work hardening and softening with DRV or DRX, which requires further microstructural observation. [3, 13] The Z parameter is the main parameter that is used to describe the relationship between the temperatures, strain rate, and microstructural evolution after hot deformation. In all cases of deformation tests, the Z values of our alloys (Table III) show the decrease with the increasing deformation temperature or the decreasing strain rate. This corresponds to the Z values decreasing with the relative flow stress decreasing, which is represented in terms of ln sinh ar ð Þ ½ (Figure 3 ) with decreasing the Z values. In other words, the low Z values demonstrate that there is sufficient time for DRV and the high Z values indicate that DRX may occur during the deformation stage, so that there is a considerable softening in agreement with previous reports. [50] Our results show that the 3.5Cu + 0.4Er alloy has slightly lower Z values than the 3.5Cu alloy; this indicates that the 3.5Cu + 0.4Er alloy responds better to the softening mechanism than the 3.5Cu alloy. This is also consistent with the results on the decrease of the flow stress and activation energy of deformation.
Additionally, EBSD is generally used to analyze the deformation mechanism and recrystallization. Our results show that the hot-deformed 3.5Cu alloy has mostly recrystallized structure and fractures primary Si when deformed at a high strain rate (Figures 10(c) and (f)). This agrees well with the previous work, which reported that the increasing strain rate caused primary Si cracks in the microstructure. [17] The results also show that the grain misorientation changes from LAGBs to HAGBs, indicating that the recrystallization occurs in the deformed samples. Our results found that at a low strain rate, the number fraction of HAGBs of the 3.5Cu alloy is higher than the 3.5Cu + 0.4Er alloy (Figure 12 at a strain rate of 0.01 s À1 ), which indicates that the recrystallization may be the main restoration mechanism for the 3.5Cu alloy, while the 3.5Cu + 0.4Er alloy experiences recovery and polygonization. This may be due to the action of fine dispersed Al 3 Er precipitates formed from the supersaturated solid solution during deformation, which pin the dislocations and the subgrain boundaries; therefore, the recrystallization behavior is restrained. This is consistent with previous work, which reported that fine particles of Al 3 Er can pin the dislocation movement and the grain boundary slide, resulting in restrained recrystallization. [16] Meanwhile, the 3.5Cu alloy has a similar fraction of HAGBs as the 3.5Cu + 0.4Er alloy at a higher strain rate. This may be due to a larger accumulated stress that triggers recrystallization due to lesser time being available for polygonization and recovery. Fine Q-phase precipitates can pin down grain boundaries and impede the grain growth as well. [43] There is also less time for solute diffusion to dislocations. Hence, the softening mechanism of the 3.5Cu + Er alloy exhibits partial polygonization at lower strain rates and recrystallization at higher strain rates. In general, the number fraction of HAGBs is higher than LAGBs for both alloys, which means that recrystallization is the main softening mechanism during hot deformation in these aluminum alloys.
These observations are consistent with the processing map of an AK6 alloy, which has a similar composition as the solid solution composition in our alloy. It was reported that the increase in the strain rate [in the temperature range 673 K to 773 K (400°C to 500°C)] resulted in the softening mechanism changing from mixed polygonization and recrystallization to full recrystallization. [51] Our results demonstrate that the deformation and recrystallization mechanisms are sensitively dependent on deformation temperature, strain rate, alloying elements, precipitated phases, and morphology of phases in the initial microstructure.
V. CONCLUSIONS 1. The compressive flow stress in AA4032-type alloys increases with increasing strain rate and decreasing deformation temperature, which is described by a constitutive equation as a hyperbolic sine function with the activation energy.
2. The material constants in the constitutive equation are derived and can be used to predict the flow behavior of AA4032-type alloys, also with Cu and Er additions, at elevated temperatures. 3. The peak stress increases during hot deformation with increasing Cu content. 4. The flow behavior of the base AA4032 alloy and the alloy with high Cu addition reflects nonuniform microstructure (primary Si particles). 5. The hot deformation activation energy (at a peak stress) for the AA4032 alloy with high Cu content increases to 437 kJ/mol as compared to 374 kJ/mol for the base alloy. An addition of 0.4 wt pct Er to the high-Cu alloy decreases the activation energy to the level lower than that of the base alloy, i.e., to 338 kJ/mol. 6. The EBSD results show that at a high strain rate of 10 s À1 , the 3.5Cu + 0.4Er alloy has a similar fraction of recrystallized grains in comparison to the base alloy and the 3.5Cu alloy. Meanwhile, the Er containing alloy shows polygonization and partial recrystallization at a lower strain rate. The polygonization and recrystallization are the main softening mechanisms in these alloys upon hot deformation.
